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REPORT No. 345

THE DESIGN OF AIRPLANE WING RIBS

By J. A. Newnin! and Grorge W. TravEr?

SUMMARY

The purpose of the investigation reported here was to
obtain information for use in the design of fruss and
plywood forms, particularly with reference to wing ribs.
Tests were made on many designs of wing ribs, comparing
different types in various sizes. - Many tests were also
made on parallel-chord spectmens of truss and plywood
forme in place of the actual ribs and on parts of wing
ribs, such as fruss diagonals and sections of cap strips.

It was found that for ribs of any size or proportions,
when they were designed to obtain a well-balanced con-~
struction and were carefully manyfactured, distinet types
are of tarious efficiencies; the efficiency is based on the
strength per unit of weight. TVVith ideal consiruction the
truss comes first; second, a lightened and reinforced ply-
wood type; third. a full plywood web type with stiffeners;
Sourth, a plywood web with lightening holes and no rein-
Jorcing; and fifth, a full web with no stiffeners. If a
type falls out of this order, the probable reason is either
that it ig poorly designed or that it was designed with
some special consideration for manyfacturing details and
18 therefore not so strong for ils weight as it can be made.

Each type has its place in airplane design because
manufacturing difficulties set up practical limits for the

various types. For example, shallow trusses can not be

manufactured and assembled without great difficulty.
Neither can a reinforced plywood truss be substituted for
a full plywood type when to obtain marimum efficiency
an excessirely thin plywood must be used.

In all types of ribs the heavier are the stronger per
untt of weight. Reductions in the weight of wing ribs
are accompanied even 1in efficient designs by ¢ much
greater proportional reduction in strength.

Obtaining maximum efficiency in truss designs would
require all diagonals te be of cruciform cross section and
all members to be proportioned according to their indi-
ridual stresses.

Members with thin, outstanding flanges and with lifttle

torstonal rigidity, especially U sections, fail by twisting, 5

at times carrying only 60 per cent of the calculated com-
pression load. Slight modifications in cross section

t In charge, section of timber mechanics, Forest Products Laboratory. The tests
discussed in this report were made by J. R, BcAteer, formerly assistant engineer.

1 Senior engineer, Forest Prodncts Laboratory, U. 8. Department of Agriculture;
malintained at Madison, Wis., In cooperation with the University of Wisconsin.

without change in area tincrease the forsional rigidily
sufficiently to overcome this twisting.

In resistance to both end loads and bending, U and T
sections built up of wood and plywood in combination
are inefficient as compared with sections haring the grain
of the wood all parallel to the axis of the piece.
|  Compression diagonals are more suitable in the panels
adjacent to the spars than tension diagonals, since tension
diagonals have been found more difficult to hold at the
joint than compression diagonals.

Bending stresses in plywood types can be caleulated
with a fair degree of accuracy provided that the plywood
18 of sufficient thickness or is so braced as to prevent
buckling and the rib 1is so braced as to prevent bending
of the caps out of the plane of the rib. Form factor
must be taken inio account, and in calculating the mo-
ment of inertia only that part of the plywood having grain
parallel to the axis of the rib should be included.

No tests were made from which the required rertical
rigidity of the webs can be defermined absolufely, but
approximately it may be said that any unit of length,
including its proportional part of the stiffeners, should
be able to carry, as a pin-end column, two-thirds of the
load that will come upon this unit of length when the rib
18 loaded to failure.

Plywood webs with a balsa core prorved very satisfac-
tory from a construction standpoint and in jfull webs
were found to be strong per unit of weight in comparison
with other phywoods. TVhen lightening holes were added,
howerer, the strength dropped rery rapidly because of the
l ease with which the face plies tore the balsa core apart
. around the holes at the least tendency to buckle. Eren
| shrinkage and swelling stresses may cause rupture of the
l‘ balsa core at the edges of the lightening holes.

In general, vertical face grain in plywood webs gives
' consistently greater strength when a full web is used, but
| longitudinal face grain s better when a web with lighten-
ing holes and stiffeners is used.

Webs of single-ply spruce, in comparison with three-
i ply poplar plywood webs of the same t_otal t{ziclmess,
. proved stronger than the plywood when lightening holes
% were present and somewhat weaker when no holes were
i present.

v Two-piece cap strips in most designs are preferable to
| single-piece cap strips.
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Wide diagonals and web members are subject to large
tndeterminate secondary stresses, which often start fail-
ures. A similar conceniration of stress occurs around
lightening holes, causing buckling.

The coefficient of fixity for diagonal members under
compression appears to be about one and one-half in
a plane at right angles fo the plane of the rb.

Mazimum efficiency appears to be obtained with a ratio
of epar spacing to height of about siz, except for full ply-
wood types without stiffeners, for which the ratio appears
to be about eleven.

Double compression members with a spacer block at
the center were found to be about one-half as strong as the
same members brought together and glued throughout their
length when the length 18 such as fo throw both in the
Euler column class.

Small stiffeners glued near the edges of lightening holes
were found very effective in reducing buckling; the small
resuliing percentage of increase in weight will often be
accompanied by several times that percentage increase in
strength. Reinforcing around lightening holes to avoid
buckling should be equally satigfactory in metal con-
struction. .

The appendfc'm of this report contains other comments
on various designs and o description of characteristic
failures.

INTRODUCTION

In aircraft construction the ordinary methods of
calculation, suitable for most engineering structures,
are either inapplicable or are too inaccurate to be
applied to an unavoidably complex structure in which
the factor of safety must necessarily be extremely low.
Wing ribs, for example, with their rigid connections
and often redundant members can scarcely be con-
gidered amenable to accurate calculation. The first
necessity in designing such structures is a knowledge
of certain principles, of broad application, that govern
the distribution of stresses, prineiples that will assist
in the selection of the most effective type of rib for a
given airfoil and chord length and that will help in the
design of members and details,

Realizing the need for such information, substan-
tiated by experiment, the Bureau of Aeronautics,
Navy Department, financed an investigation made by
the Forest Products Laboratory, Madison, Wis. The
following report is a description and enelysis of the
tests made in connection with this investigation.

PURPOSE

This investigation was made to determine general
principles of broad application that govern wing-rib

design and apply also to other truss and plywood forms

used in aircraft construction. The results are intended
to assist in determining the most effective type of rib
for a given airfoil and chord length, -to help in the
design of members and details of any new rib, and to
aid designers in formulating rules regarding the effect
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of various factors on the design and the strength of
different parts. A knowledge of the facts set forth
will not entirely eliminate the necessity of making tests
or take the place of testing, but it should be of con-
siderable value in planning designs for new ribs.

SOURCE OF MATERIAL

Many tests have been made at the Forest Products
Laboratory or wing ribs and parts of airplanes during
and since the World War. Part of these were made
simply to determine the strength of a particular rib
while others were made primarily to improve the de-
sign of a given rib. Considerable general information
that is of value in determining factors of design resulted
from these studies. The ribs or parts tested were
sometimes built at the laboratory according to plans
furnished by the company that designed the plane and
sometimes they were built by the company and sub-
mitted for test.

Extensive tests were made on ribs of the BS-1
airfoil, station 3, near the fuselage, both of 48-inch and
of 96-inch chord lengths. (Fig. 1.) This airfoil sec-
tion was recommended by the Bureau of Aeronautics,
Navy Department, as a somewhat typical section of a
deep wing. Tests were also made on rectangular or
parallel-chord sections of truss and plywood forms

- representing the portion of a rib that is between the

spars.
The BS-1 test ribs and the parallel-chord sections

were made at the laboratory from stock suitable for

airplanes. Slightly greater care was probably exer-

cised in the construction of these test specimens than

is ordinarily met with in the production of airplane
arts.

P DESCRIPTION OF TEST SPECIMENS

The test material for this particular investigation
consisted of wing ribs and of parallel-chord rib sec-
tions. The wing ribs had either a 48-inch or & 96-inch
chord length and had the airfoil section of the BS-1
lower wing, station 3. The rib sections were 44 inches
from center to center of spar blocks and were rectan-
gular or parallel chorded. Both the ribs and the paral-
lel-chord specimens were of various designs—plywood,
truss, and a combination of plywood and truss. De-
tailed drawings of all these are included in the figures
accompanying this report.

In the original design, ribs of the BS-1 wing had
full plywood webs with vertical angle blocks for brac-
ing. The plywood was three thirty-seconds inch thick
with mahogany faces and poplar core. In the first
variation lightening holes were made in similar ribs,
then a three forty-eighths inch full plywood web was
substituted for the three thirty-seconds inch web, and .
finally a three forty-eighths inch web with lightening
holes was used in place of the three thirty-seconds inch
web. Warren, Pratt, and Howe trusses were also de-
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signed with diagonels of various sizes and cep strips of
various shapes and sizes. )

The ribs with 96-inch chords were also of the BS-1
station 8 eirfoil section, but were double the size
planned for the BS-1 plane. In other respects these
ribs were substantially duplicates of the ribs of normal
size, and the fests on them merely repeated the earlier
tests.

Parsallel-chord specimens were 44 inches in length
between centers of blocks. The depths were 3%, 7%,
11%, and 154 inches. The end blocks, which were
4 inches wide, represented the spars. Specimens
were tested in which thickness of plywood web and

225

The loading apparatus (fig. 3), which was used in
connection with a universal testing machine, consists
of a lever system to distribute the pressure and a set
of stirrups to hold the specimens in place. The lever
system was so designed that pressures at the stirrups
were proportional to the areas of the corresponding
zones in the loading diagrams. The downward force
of the movable head is transmitted to the spar sections
or blocks and draws the specimen against the stirrups,
producing the effect of an upward lift. The entire
lift is applied to the lower chord.

In low-speed loading a 48-inch rib was held by eight
stirrups spaced equally along the chord. If this same
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FIGTRE L—Airfofl section of the BS-1 lower wing at station 3

A—Dimensions as called for In the original design,
B—The original dimensions doubled.

direction of face grain were varied and in which differ-
ent bracing end forms of lightening holes were used.
Trusses of various designs were also tested in the
different depths. Diagonal truss members of cruci-
form cross section and of rectanguler cross section
were compared.

METHOD OF TEST

The Ilift or pressure on the wing ribs was distributed
according to the disgrams given in Figure 2. These
distributions were recommended for wing rib tests by
the Bureau of Aeronsautics, Navy Department. The
lift on the parallel-chord specimens was practically a
- uniform load.

spacing were used for high-speed Ioading the division
nearest the leading edge would receive part positive
and part negative pressure. To avoid using the re-
sultant of these {wo pressures in this division, two stir-
rups instead of one were used, one to apply the nega-
tive and one the positive pressure. The downward
force producing the negative pressure wes applied
through a wire attached to the upper cap strip of the
nose and extending around a pulley on the lower
timber and then to the upper part of the lever system.

The 96-inch ribs were held by 16 stirrups spaced
equsally along the chord. With this spacing the divi-
sion nearest the leading edge receives only negative
pressure and the stirrup applying this pressure is

J.H



226

placed on the upper cap strip. A wire extends from
this stirrup, around a pulley that is fastened to the |
timber attached to the movable head, and up to the
evener system, the same as for the 48-inch rib.

The parallel-chord specimens were held in place
by eight stirrups spaced equally along the chord.
Equal pressure was applied to each stirrup. The lever
system was symmetricel and corresponding levers
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had arms of equal length. The specimens were
braced against the frame of the testing machine to
prevent lateral buckling. Strips of wood were cen-
tered under each, load point to prevent local erushing.

ANALYSIS

In addition to the date included in this discussion,
considerable information obtained from strength
tests in general and from development studies made

. strueture.
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| previously on ribs for particular planes was used in
arriving at the conclusions and principles of design
embodied in this report. While all past tests have
been considered in arriving at the conclusions, only
the tests of the BS-1 ribs and the parallel-chord
specimens sare definitely referred to and the data
therefrom included in the tables.

A wing rib with its rigid connections, redundant
members, and nonuniformity of section is a complex
Simple assumptions to make an analysis
possible by the ordinary methods of ealculation often
lead to mere approximetions for a structure in which
the factor of safety must necessarily be extremely low.
Wing-rib design is still dependent upon the results of
strength tests on complete ribs, and to some extent
will continue to be so. Stresses are largely indeter-
minate because the ribs have rigid connections; the
ribs act as a truss or a girder with cantilever arms and
are of nonuniform section. The stresses are furthe
complicated by the nature of the load distribution.

From s study of test failures and from a knowledge
of the stress that a member is capable of sustaining,
we are able to estimate the secondary stresses at
different points in the structure and to redesign so as
to redistribute the stresses. Furthermore, we are
able to develop principles of design that will distrib-
ute the failures and afford a more nearly perfect

balance among the strengths of the different parts.

RELATIVE EFFICIENCY OF VARIOUS TYPES

In this investigation the relation of strength to
weight of rib was taken as a criterion of the value of
the rib; it is necessary, however, to keep in mind the
fact that this relation is a suitable criterion only as
far as the rib is within reasonable limits of both strength
and weight. High strength per unit of weight has
but little value when the strength is in excess of that
required for service.

Results showing strength-weight relations for differ-
ent types of ribs are plotted from data obtained from
the tests of parallel-chord specimens. The data for
each type, such as simple truss, reinforced-plywood
truss, plywood web with bracing, and plywood web
without bracing, are plotted separately. (Figs. 4, 5,
6, and 7.) In each of these figures a curve showing

i the ideal efficiency is drawn through the maximum

value of strength-weight ratio obtained from the tests.
A definite relation of strength to weight for the valious
types is evident from the figures. It is also evident
that the various types are not of equal efficiency from
the standpoint of strength per unit of weight.

In any size or proportions of wing ribs the ideal
truss comes first in efficiency. This is to be expected,
for the material in a truss can be placed more nearly
to the greatest advantage.
order of efficiency is the plywood-web type with
lightening holes- and bracing. This type if properly

Next to the truss in
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designed can be made to approach a truss in form, for
excess material can be cut out at points of low stress |
and reinforcing added et points of high stress. Third |
in order of efficiency is the plywood-web type having |
full web and reinforcing. The web in this type is so |
thin that stiffeners are required at the highly stressed |
points. Fourth is the plywood-web type with full i
web and no reinforcing. Here we undoubtedly have !
excess material in portions of the web. i

The curves of Figures 4, 5, 6, and 7 represent the ;
ideal ribs of various weights for each type and are |

j

F1ouxk 3.—A wing rib [n the testing machine. The larga timber below the rib Is rigidly attached to the movable head of the testing machine and the evener system
i3 supported on vertical standards that rest on the welghing platform

The ideal |
; would fall between 40 and 43. Usually, however, the
. 1ib to be lightened is made of heavier plywood and has

identical except for a constant factor.
curve for all types is represented by the equation

P=KW1, |

where P =Breaking load in pounds,

K=Constant factor dependent upon type of :
construction.

TW=Veight of rib in ounces.

These curves were obtained by a study of the ribs of :

the various types that approached most closely to a -

balanced construction; that is, those that appeared to

have no excess strength in any part and no evident ;

opportunity for redesign to obtain greater load with !

the same weight. i
41630—31——16

The constant K in the equation represents the
relative efficiency of different types of ribs when each
is of ideal construction. The greater the value of K,
the more efficient the type of rib. For each chord
and airfoil section there will be a different value of K,
but the ideal ribs of any type for a given airfoil will
have their K’s in the same relation as the K’s follow-
ing, which are for parallel-chord specimens. K is

i 60 for the parallel-chord truss type, 48 for the rein-

forced-plywood truss, 43 for a full webbed rib with

i stiffeners, and 40 for a rib with a full web and without

4

stiffeners. The ideal lightened rib with no bracing

numerous holes introduced to reduce the weight and

! the load-weight ratio is below that which could be
. obtained by the use of full plywood of ideal thickness. .

It is evident from the nature of the curves that the
heavy and excessively heavy ribs have the best

' strength-weight ratios, and that a given increase in

weight is accompanied by a greater increase in strength.
Thus, in most instances heavy ribs spaced far apart,

' with well-balanced design, will sustain the same load

on the wing with less weight than lighter ribs with
closer spacing. However, considerations such as
obtaining a smooth-surfaced airfoil without too much

iui‘

|

e
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flapping of the cavering often necessitate choosing the
lighter rib with close spacing rather than the more
efficient heavy rib.

In Figures 4, 5, 6, and 7 the ideal curves pass
through points of maximum strength-weight ratios.
It is more difficult to build efficient shallow ribs as the
design approaches a truss because diagonals and
bracing must ther be made in sizes smaller than those

small ribs, because the number of parts and joints
in a small truss is as great as in a large one of the
same design. In building large ribs with plywood
webs it is harder to approach the ideal than in the
smaller ones because of the difficultics encountered
in the warping of large sheets of plywood and the
greater tendency of the plywood to buckle, Other
types have their advantages in certain sizes, each type
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FI6URE 4.—Relation between breaking load and weight of rib for paraliel-chord rib sections of the truss
type

Nore,—Each point is the average of thres tests. Polnt numbers are design numbers.

that can be manufactured and assembled without
great difficulty and the members must be properly
proportioned for the stress that is to come upon them.
Therefore great care end refinement is necessary in
the design end construction of small trusses, and the
less efficient plywood types will often be preferable
to the truss.

The truss is relatively easier to construct in large
ribs and approaches more closely to the ideal than in

appearing to have its particular place in airplane
design.

In the experimental work a large number of the
ribs and specimens were not of well-balanced design,
since the testing was usually for the purpose of devel-
oping the ideal rib and thus required experimenting
with all kinds of designs, and any given size or type
was discontinued when the ideal was apparently
reached. Many of the ribs and other specimens were
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designed with various special considerations for de-
termining the effect of certain factors on particular
points of design. Furthermore, manufacturing con-
ditions and limits of service controlled the designs to
some extent. Production facilities, of course, will
always be one of the chief factors in the selection of
the type of rib.

A consideration of these factors will lead to a more
nearly perfect balance among the strengths of the
different parts of a rib. ‘

The computed stresses in a truss, sssuming the
joints to be pin connected, are direct temsion and
direct compression along the member when the loads
are applied at the panel points.. In  trusses with
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FACTORS AFFECTING DESIGN

After manufacturing conditions, service limitations,
and production facilities have been considered in the
selection of a type, the next necessity in designing a
rib is a knowledge of certain principles of broad appli-
cation that govern the distribution of stresses. Fol-
lowing is a discussion of certain principles of design
developed from a study of test failures and a knowledge
of the stress that a member is capable of sustaining.

| rigid connections between members, such as those
encountered in sirplane design, stresses are introduced
through chord deflections, and members that are
mutually supported transfer their stresses to one
another. The support one member gives to another
may range from a condition of perfect fixity to one
where the induced stresses are greater than the direct
stresses. Wide diagonal or post members increase the
fixity of the cap strip and as the cap strip deflects

IR
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secondary stresses are intraduced into the compres-
sion end the tension members. The secondary
stresses act to deflect the diagonal and to increase the
stresses in it. In a pin-connected truss, on the other
hand, one may say}/that there is neither fixity nor
secondary stresses.” ;With rigid connections bending
is thrown into the diagonals and the posts as the cap
strips deflect and the length of effective column is

and the posts amount to columns with partially
fixed ends.

The effect of secondary stresses varies not only
with the type of rib, but in a given type varies also
with the details of the fastenings and the proportions
of the members. Ribs with full plywood webs are
relatively free from secondary stresses of a nature
corresponding to those that occur in ihe joints of a
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made greater. Such a condition amounts to a nega-
tive fixity and is similer to an eccentric load with a
pin connection. The column in this case is resisting
chord deflection. When the end connections are
such that the diagonals and the posts increase the
bending in the chord—that is, throw additional stress
into the chord—there is positive fixityin the diagonals
and the posts. With such # condition, the diagonals

truss. These and other plywood types are inefficient
in taking the large compression in the lower chord
unless the cap strip is wide beyond practical limits. If
the cap strip is made wide and thin in order to obtain
lateral rigidity, it may buckle as a thin outstanding
flange. The strength of plywood ribs in servico
depends largely on the efficiency of the lateral support
furnished by the conmection to the wing covering.

11 A
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The lateral buckling in ribs with plywood webs is
either a buckling of the eap strip caused by the column
load along its length or a buckling starting in the ply-
wood web and drawing the cap strip to the side with
the weh. With ribs that buckle in the web, stiffeners
placed to resist the web buckling add considerable
strength, but with ribs that buckle in the cap strip
such stiffeners do not materially increase the strength.

In rigidly connected truss types the design must be
based not only upon the primary stresses; full con-

in the cross section of the member, the secondary
stresses may be reduced.

Wide members, of course, ars subject to much
larger moments and secondary stresses than narrow
ones, and two narrow tension members will often be
much better than s single wide one of the same cross-
sectional area.

Tn the design of glued joints, such as those at the
intersection of truss members, a stress of one-fourth
of that used for shear in the wood parallel to the grain
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Norr.—Each point is the average of three tests. Point numbers are desfgn nambars.

sideration must also be given the large secondary
stresses that occur even in the best construction. In
poor construction the secondary stresses Tnay be the
pnmary cause of failure. If a member is made less
rigid in the plane of the rib and near the end fastening, |
by such means as & joint in the diagonal or a reduction

should be used in calculating the required glue area.
| This rule is predicated on the assumption thet the
" members are so proportioned as -to avoid excessive
secondary stresses. Using such a stress value does not
mean we have a factor of safety of four, because it
l includes a factor of two to take care of the cross-

i bt
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banded sheer strength, and an additional factor of
two to take care of secondary stresses. In good con-
struction, we find, the secondary stresses in these joints
will equal the primary stresses.

The fastenings at the intersections of ribs and spars
are vital points in design. Strips or angle blocks
used in all four corners of each spar intersection con-
tribute greatly to the strength of & rib. All these
joints are likely to be cross-banded (the grain of one
piece at right angles to the grain of the other) and to
have high secondary stresses either from the load or
from shrinking and swélling.

Nailing is sometimes resorted to under the supposi-
tion that it will increase the strength of & glued joint.
Tests have demonstrated that the nails do not come
into action until the glue has given way and that the
reduction in strength caused by each neil is equivalent
to that caused by a bored hole the diameter and the
length of the nail. In light cap strips, this reduction

will amount to as much as 20 or 25 per cent.

" Data on the strength of ribs having either com-

pression diagonals or tension diagonals adjacent to

the spars are given in Table I. The ribs were of
similar design so that differences in strength are due
chiefly to differences in the types of the diagonals.
In comparing these two types it is necessary to make
use of high-speed loading, because with low-speed
loading failure occurred in the web of the nose section
in many of the ribs, and such failure gives no indica-
tion of the relative strength of the two diagonals.
The lack of correct indication accounts for the ribs
with tension diagonals appearing stronger in low-
speed loading in some cases. The data show that
compression diagonals in the panels near the spars
are somewhat stronger than tension diagonals. Fur-
ther, tension diagonals are harder to hold at the joints
because when stressed they pull away from the other
members, while a compression diagonal pushes more
firmly against the members to which it is attached.
Again, much greater glue area must be provided than
a tension member would furnish if made only large
enough to withstand the tensile stress. In designs of
reinforced plywood trusses, tension diagonals can
often be used to advantage because of the large ares
available for gluing. In truss design the matter of
proper fastening at the joints is & problem that should
always receive special attention from the designer.
A perusal of the appendix will disclose the fact that
very often the first source of weakness in a great many
of the designs was in the joints.

REPORT NATIONAL ADVISORY COMMfTTEE FOR AERONAUTICS

" TABLE I.—COMPARISON OF TENSION DIAGONALS

AND COMPRESSION DIAGONALS OF BS-1 WING
RIBS UNDER HIGH-SPEED! LOADING

' Rib [Designt Netlift (Welghtot| P

Type of truss length | No, Type of stress load, b, ¥ | ¢
Inches Pounde | Ounces

48 Tanslon....... 578 &7 88

43 3 do. 515 67 hed

48 3 do. 847 6.8 95

580 87 )

48 4 | Com on... 618 6.4 7

48 4 ] 791 6.6 120

48 4 do 748 6.3 119

719 8.4 112

496 3-A | Tenslon_...._. 854 2.2 n

96 b 7 S P, [ 788 25.0 31

9% | 3-A do 790 %6 | 3

742 24.6 a0

04 4-A COmdpresslon 821 2.7 b

06 -4 0, 902 2.8 38

96 4-A do. 900 3.9 38

874 2.8 37

: %?g&?&rﬁ%%:dm&u{g :;?f)% :3:;:!: the ends of the diagonals,

In the design of trusses a large moment of inertia
is sought so that members may be light and still have
high column strength, especially in the plane at right
angles to the plane of the rib. Data on the strength
of trusses of similar designs afforded an opportunity
to compare sections with diagonals of various cross
sections. Double compression members with a spacer
at the center were found to be about one-hslf as strong
as the same members brought together and glued
throughout their length when the length was such as
to throw both in the Euler column class. Two such
members unattached would theoretically be one-fourth
as strong as when glued throughout their length.
This difference is accounted for by the resistance to
shear offered by the glued joints at the ends and at the
spacer block. _ .

'The increase in moment of inertia occasioned by
the gpread of the members can not be taken as a
measure of the increase in strength. Although com-
pression members of U and of cruciform cross section
are stronger than those of rectangular form as long as
they are designed to avoid twisting and excessive
secondary stresses, their increase in strength is far
below their increase in moment of inertia. For ex-

_ample, the three types of diagonals used in the ribs

listed in Table II have the same cross-sectional area,
while the moments of inertia for the rectangle, cross
without fillets, and cross with fillets, are as 1, 2, and
2.6. Yet because of the increase in secondary mo-
ments and twisting of the diagonals in design No. 101,
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in spite of an increase of 100 per cent in moment of
inertia, it still was only 18 per cent stronger than No.
102. The wide members in design No. 106 included
still larger secondeary stresses, but the fillets prevented
twisting and the larger moment of inertia increased the
load to cause failure over that of No. 102 by approxi-
mately 70 per cent only, instead of the 160 per cent
indicated by the increase in the moment of inertia.

TABLE II.—COMPARISON OF RECTANGULAR DIAG-
ONALS AND CRUCIFORM DIAGONALS IN PARAL-
LEL-CHORD WARREN TRUSS! RIB SECTIONS, 44
INCHES LONG BY 15} INCHES DEEP |

Cross section of Dedgnyl Rib [ Net lft
diagonsl Fillets No. | No. | load, P
Pounds
Squasre. 102 4 [}
Do 102 § 568
Do 1 683
Average. 883
Crudform_.._. Nons ? 101 1 8
Do dad 101 2 753
Average. Ti6
Croclform.. 1§ Inch 106 16 83
Do .__.do 108 7 L 033
Do do 106 18 1,218
; Aversge 1,081

I In all 8 of thesa designy the diagonsls were of the same cross-sectional ares and for
all these ribs faflure wes in ths diagonals.

:Ill;htah?sm a&%ﬁﬂ%i‘;’mmm- D No. 108 gave much i 4
oads because the moment of Inertia wes Increased and t ﬁﬂetsmvmmdm%g&

Practical considerations often lead to the manufac-
ture of ribs not of ideal construction. A truss with all
its diagonals and posts rectengular in cross section
and of the same size, for example, has only one-half
the advantage of the ideal truss over the ideal full
plywood web without bracing, and has no advantage
over the ideal reinforced plywood truss in which the
reinforcement is proportional to the stresses.

From results on strength tests of truss sections, it
appears that the coefficient to be applied to the Euler
column formuls for the strength of compression web
members in a plane &t right angles to the plane of the
rib is about one and one-half.

PLYWOOD TYPES

The laboratory tests of various plywood types
brought out & number of factors that affect design.
With plywood of & sufficient thickness, or so braced as
to prevent buckling, and with proper bracing to pre-
vent bending of the caps out of the plane of the speci-
men, bending stresses can be celculated by the usual

S=F, % formula. In caleulating the moment of
inertia (I), however, only that part of the plywood with
grain parallel to the axis of the specimen can be used.
The form factor for the specimens in all heights tested
was very low, reducing the modulus of rupture to prac-
tically the compressive stress parallel to the grain.
Now, if the web can buckle easily in a plare af right
angles to the plane of the specimen, failure by buckling
will occur befors the stress in the extreme compression
fiber has reached the ultimate compressive stress par-
allel to the grain. Three methods can be employed
to increase the verticsal stifiness of the rib, one of which
is to put the face grain verticel. With thres equal
plies, doing this is at the expense of the moment of
inertia to resist bending, but the resistance to buckling
is usually of greater importance. Another method is
to glue small stiffeners on the web, and a third method
is to separate the face plies well by some light core
stock such as balsa.

No tests have been made and no criterion has been
set up at the Forest Products Laboratory by which the
degree of rigidity required in plywood webs can be de-
termined absolutely. Approximately, however, it
may be said that any unit in the length of the rib, in-
cluding ifs proportional part of the stiffeners, should be
able to carry, as a pin-end column, two-thirds of the
load that will come upon this unit of length when the
11b is loaded to failure. .

A comparison was made between rib sections built
up with balsa-core plywood and corresponding sec-
tions having three-ply poplar plywood with sfifieners.
Table ITI gives data for this comparison. If is evi-
dent from the table that balsa-core plywood without
stiffeners is about equal in strength per unit of weight
to three-ply popler with stiffeners. With lightening
holes in the rib, however, the ease with which the

balsa-core tears apart offsets the advantages gained by .

separation of the face plies.

A comparison was also made of rib sections having
plywood webs with balsa cores of various thicknesses.
Data for this comparison are in Table IV. These data
show how the strength increases with the core thick-
ness, because of the separation of the face plies, which
gives greater column strength fo resist buckling in a
plane at right angles to the plane of the rib. The
inerease in strength is greater than the corresponding
increase in weight.
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TABLE IIL—~COMPARISON OF BALSA-CORE PLYWOOD WEBS AND THREE-PLY POPLAR WEBS IN PARALLEL-
CHORD RIB SECTIONS 44 INCHES LONG

836-Inch depth | T3-Inch depth
Plywood webs | Plywood webs
Deslgn? Netlift | 'Veight | P | pesigns Net left e ot | P
No. Thickness of . 1load, P W No. Thickness of , P "|w
piies Specles of wood | Bracing I - Dlies Speotes of wood | Bracing
Pounds Pounds | Ounces

Pross...[ 460 140 | Yellow poplar....._. Tross...| 903 1.3! 80
do__.. 433 Mo Lo (s S do....] 1,003 1.2 | 95
_—.do_... 440 150 do. [+ [ T 893 1LA| 79
444 058 1L3] 8
40 | Yellow poplar......{ None...| 558 40 [ Yellow poplar....... Truss...| 844 L1l o2
40 do_.. do._..|. 724 L I s [ PRV R, [, N 900 9.0 | 100
Jio do.. do._.-| . 568 40 [-aen [+ [/ R, 1 R 928 8.0 101
o - 817 891 ¢.1] 8
%0 | Yellow poplar....... Vertical. 844 01| 93
£0 [-cmen di fea-doa ... 803 0.6| €3
T 7 I8 T T JR., {, F 758 0.0 &
832 0.2 90
i A, Ms+1$ +1a | Mahogany+-balsa+ | None_..| 360 Ks-+34 +s | Mahogany-+balsa+ | None... 938 1261 ™

mshogany. mah y.
37].- - ﬁs:l:% +525 ...... L5 [ I——— .--do_... 423 Ksiiz +m ..... s [+ T —— s ( J, 966 123 | 78
1Ml cmcaeeo| Ms38 +Mo joeecdoae s [N S, [, M. 418 Hs +Ms |- [« 1/ . JRR, 1 R 1,0_58 1L8} 92
AVorage..}-ce-w-- 401 956 1] 8
Ha+5iz+1a Nonse. .. 449 Ys+342-+1{s | Mahogany-+balsa+ | None...| 1,143 | 11.2] 102

- . i ogeny.
] ﬁs+§z+%s ---doo .. 455 ﬁs‘-ﬂhiﬁs ..... A0 - ecmaaae] ---dO.... 05 00| 8
8--582+16s —--do._..| 478 - Hs+58a+Us do.. do....| 1,234 1.0 | 112
4681 eewe| 1,004 1L0| %
KstHet+Us None_..[ 450 Ka+He-+s | Mahogany-}-balsa+ | None... g5 19| 72

: 7.
.7 T Us+He+4Us __.do.__. 525 s+ e-+14s do do....| 1,021 1| 72
1.7 . Ksmoim —--do___. 500 %swe+ ' - L5 [ I — -do.o.y 1,158 14.1) &2
Average 492 1,056 40| 75

1The designs ars described In the appendix.

t The web of this design has lightening holes.
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TABLE IV.—EFFECT OF THE THICKNESS OF THE CORE ON THE STRENGTH OF 44-INCH PARALLEE-CHORD
RIB SECTIONS USING BALSA-CORE PLYWOOD WITH s INCH MAHOGANY FACE PLIES

3%7¢-inch depth

" T3f-inch depth
|
Thick- Welght | p Thick- Weﬁht P
Net Uit T ; Net litt
Designt No. |nessof' Face grain afgﬁb = D 1 No. ness of Face grain of =
= load, £ | X B0 | 7 | Design ks Ioad, P | .80 | W
l Inck Pounds | Ounces Inck Pounds | Ounces
| S T 1 Iﬂtudlnal_ ........ 3 258 63| wlwe ﬁ' Longttadinal ... —r] &0 0.0 70
[ — ﬁ' o] 258 s4] 47| 1im . o 655 20| 7
169, s do 298 51 5 |} 173 s do 606 83 ]
Aver ; ! b1 53 38 Average ... 830 88 72
18leceeccee—| e | Longitudinal ... ] 320 sgl sefiissooa | M jtudinal...._.. ——] 858 10.9 80
Bl Y -__fgx--- 208 54| 7T3piss 1 Mg |..._do.... 648 1.8 85
Wi 8 |—do___ 325 58| 561 185 T4 _do 834 10.9 76
Average. .. 348 5.7 6l Average.. = 11.2 70
1) T gz: Tongitndinal - ooooceee - 366 53| 69 id... 1 tudingl.. ..o — 550 2.4 a2
170 1| 0 408 5.9 6sff 174 o o4 0.6 8
170 b P do._ 23 58| | 174 do 850 10.1 6
Average E 866 ST 63 Average 676 2.7 0
—_—
e Lonﬁitud.[n&h ..... — 168 61| 7o Laiﬁﬂ:udlnal.. .......... 1, 064 1L.0 %
I ae fooeodoo o 1 383 67 o&STluse— ] . " 708 10.7 65
w2 da o 323 64! soflwe 1 Ref____ do._ 653 1.0 6
—— 5
Average...... . 391 64,6 61 Averags 807 10.9 74
) S {2 Longitudinal _____________| 365 z9: 82175 ] 3§ | Longitudinal ______ —— 750 1.0 -]
G o 423 8] T it o 678 2o 68
Mo i S daele 413 62! o717 73 do 553 iwoef 4L
Average....._l. 401 60 67 Average 662 10.6 62
= ——— 1|
. S : N Longltud.lnal ........... .t 445 67, 6618 e 14 | Longitudinal ... ... %035 12.6 T4
143 P i 0 4t er| el T T |l - ss| 123] 78
18 do-- T T2 BEEw L doo - 1,058 1L o2
Average..._..;.. 414 69 60 Average 988 21| &
- |==' _ N .
112 eicceeeemeei %Az | Longitudingl . ________ &g 69! T8I 176 52 tudinal........ ——  L143 2| 102
172 — S l|edoo ] 455 e1! 7| i 80l _ do_ ] 205 nef &
2. U do <8 61" Tefue | Sl ___do._______ 1,234 o] ue2
Average._....L 81 60| %8 Average 1,004 o| ®
— !
184 s nﬁ},tudlnnl .............. 450 77! Bl ] He L«mgltud[nal_----____ 905 19| 72
8 6[-bo | v 7.5 704188 ;%. ) 1,021 141 72
184 o $e T S | 500 .51 66 188 . do 1,15 4.1 82
Average i 492 7.6( 65 Average 1,056 4.0 75
|y AR — « ] 45° 148 50| a0,
iy i . HMe|45° 29 48, 61
i AU | 6 {450 242 E1: 47!
. [ i
A 7 50, 48
verage. :
198 e 43| 45° 204 56| &2
178 ;:: 450 — 248 11| 48
138 a1} T 300 Bl =B
Average.. 280 53, 5
7 W ii 45° 200 58| 52, !
179 &1 45°..__ R 343 56: 6L,
179 ;o ls |4 258 58, 62
Average i 334 57| ®B'
_
190-... | % 45° 220 59| 54
180 B4 | 45° 351 61 &
1800 —aeoe o s | 45° 335 L9, 51!
Average._.. i 888 s.oi 56

1The designs are deseribed in the appendlz.

In connection with the use of balsa as a core stock, -
it was found that when lightening holes are added the
strength drops very rapidly, because of the ease with
which the face plies pull away and tear the balsa core

apart around the holes at the least tendency to buckle. -

Shrinking and swelling at times cause a separation of

the balsa core at the raw edges between the cap strips, !

and the Forest Products Laboratory, therefore, recom-
mends nailing through the cap sirips, although, as

previously stated, it is not usual to recommend nails |

in cap strips.

t
i

|
|

Results of tests on rib sections baving vertical or
longitudinal face grain show that, for normal core
thicknesses, greater strength can be obtained with
vertical face grain providing the webs are not lightened.
(Table V.) When lightened plywood with stiffeners
was used the best results were obtained with longi-
tudinal face grain. Grain at an angle of 45° to the
chord will not give so great strength per unit of weight
as either the longitudinal or the vertical face grain; in
all cases the grain of the core was at right angles to the
grain of the faces.

i'i I“ ‘ L

]
|

!'

]
I ||i |

|
i

i
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TABLE V.—COMPARISON OF LONGITUDINAL AND VERTICAL FACE GRAIN ON W%BS OF PARALLE_T:-CHORD

_RIB SECTIONS, 44 INCHES LONG BY 73 INCHES DEE

Fall webs with bracing

‘Webs with lightening holes
Plywood web pl g - Plywood web P
Destent No. |-——1— et ltt |Welght of 21| Destgnt No. - Toag i (Welsht of 1o
noes | Bpecles of wood |  Face graln Thick: | Bpeces of wood |  Face grain

Ineh -Pounds | Ounces ) Inch Pounds | Ounces
b1 P g: Yellow poplar... Lonsitudinal_ 638 0.6 (66 |{ 158 cnn.. —— Yellow poplar...| Lcmﬁitudlnal.. 178 58 8t
16120070 i - -da o. 585 0.6 |61 |l 18 o do. o 208 2| 33
LT, T —|__ %o |---.-do do. 628 9,4 | 67 || 13- I da do, 135 7.0] 19
Average..|-.. 817 9.5 65 Average..|...... —| 174 6.3; B
£ 1./ S o | Yeliow poplar...| Vertieal ... ] 0.6 78 || 182acmeeame o | Yellow poplar...| Vertlcal....... 148 €3] &
160.02000TTT T e ndo do 800 10.1 | 7o (| 182 0 do. do. 138 ee| 20
150 22 da do I8 9.8 | 78 || 152 do. do . 108 64| 16
Average - . . . 738 8.8(78 Average..|...... 129 24]) 20
1000 - o | Yellow poplar...| Longitudinal__ [ 9.7]65 |y 168..oce—...|” 30 | Yellow poplar... Lonsitudlnal.. [N A ]
160200270 -0 o. 588 | . 0.8fe0f w8 T 1T ;2: - -.._do. o 218 84| 34
160, do. do 813 | g.1|80 ] 158 da do. 230 [SUK]
Average, _ [T 9.5 71 Average, 223 0.4 38
109 - Yellow poplar. | Vertical...___|— i 0168 || 187--— 2 _|™ 3% | Yellow poplar...| Vertical._.____ =18 5.1 %
150, do —.do. 0.6 08 )| 157-2270C ] 5 do do 175 54| 32
159.. do. .do. 758 8.0 | 84 [} 157 . ) do do. 177 5.8 81
Average_|..... — . 832 9.2 90 Avam_ge 178 L4 33
1/ S i Mahogany..._. Lougitud.l.nal-_ 608 10.2] 59 [f 1660mmmcs ] o | Mahogany...... tudinal .|~ &0 &7 40
168 0 |--aando o 858 10.5 081 | 1682270000 a do . 0. 1] 8.6] 55
168.-. o do do. 78| 104 |78 || €6 o do do 344 6.4 B
Average, _ e T 10.4 | 71 Average s 5.5 88

167 |~ 3o | Mahogany...... Vertioal...._| 808 5.0 | 811 185 s | Mahogany.._... Vetfeal........ 203 ]
167 o do, do. 718 10.2 | 76 | 18502277 o do. do. 241 66| 38
167 ¢ |- -.-do. do. 756 10.9 | eo || 166_-2277 . o do. do. 261 7.0| 3
Average. : EHEEEG Averago 5 T] 35

! The designs are described in the appendix,

The comparison of single-ply spruce with three-ply
poplar of the same total thickness, for web material,
was limited to one depth of section and two designs,
one with lightening holes and stiffeners and one with-
out. (Table VI.) Designs can of course be made in
which so little material is left between lightening holes
that longitudinal shear will occur in the spruce at low
loads, but in this investigation it wes attempted to

have enough material so that there would be litile
likelihood of failure caused by shear. The single-ply
spruce proved much stronger than the three-ply poplar
when lightening holes and stiffeners were used in both
and somewhat wesaker when the web was not lightened.

Each design of both parallel-chord specimens
and regular wing-rib sections is discussed in the
appendix.

TABLE VI—COMPARISON OF SINGLE-PLY SPRUCE WEBS AND THREE-PLY POPLAR WEBS OF EQUAL THICK-
NESS IN PARALLEL-CHORD RIB SECTIONS 44 INCHES LONG BY 3% INCHES DEE

Web . o Full web Lightened web
Thickness of - - | Net Iift (Weight P | Netlift |Welghtoff P
Number of plies Dltes Species of wood load, P rf{,fhw"f! w | load, P n’bh.hW W
Pounds | Ounces Pounds | Ounces

S o | Spruce. 6568 7.9 71 343 6.1 &
L] . do. - 508 8.3 68 8.7 58
| S He |....-do. 468 8.8| &7 34 6.2 &5
Average. 541 8.3 65 336 60 58
3 o+ Ho | Yellow poplar_.. .14 80| 7 73 57 0
3 Ho-{-lbot-Ho do. 724 .7 ™ 208 81 23
: S, | o+3o do. 568 7.8 78 163 61 b4
Average.... ..‘ - er 78] M 180 | 6.0 0
CONCLUSIONS : 5. On a strength-weight basis, various types are of

1. Wing ribs, with their rigid connections and re
dundant members, are not amenable to accurate
calculation.

2. The first necessity in designing such a structure
is a knowledge of certain principles upon which the
selection of & type for a given airfoil section is based.

3. Following the selection of a type, the calculation
of approximate strength values must be guided by
principles of broad application that govern the distri-
bution ot stresses and control the design of members
and details.

4. Wing-tib design is still dependent upon the re-
sults of strength tests on complete ribs, and to some
extent will continue to be so.

various efficiencies, with the truss type heading the
list for all sizes and proportions.

8. Although a truss may be the most efficient type,
it can not always be selected as the most suitable type.
Manufacturing difficulties will make o plece for the
various other types.

7. Poor design or design with some special consider-
ation for manufacturing details in any type will often
reduce the efficiency of that type below the efficiency
of a poorer type.

8. When selecting a type and when considering various
designs in that type, the Forest Products Laboratory
recommends careful consideration of the elements of
design discussed in the analysis and in the appendix.



APPENDIX

Extensive tests for the study reported here were made on ribs of the BS-1 airfoil section (the resuits appear
in Table VII) end on parallel-chord specimens. Different types were compared in various sizes and often many
designs were tried within & given type. Following are comments on the various designs and descriptions of the
failures.

The ribs tested are illustrated in the figures that are assembled at the end of the appendix. The index for
the figures appears on page 54.

TABLE VII.—SUMMARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-1 AIRFOIL
CHORD LENGTE 48 INCHES

Wet Lift load Type of faflure
Rib Molsture
No. | T Welght? “ormtent
First test Finsl test First test Flnal test
Design No. 11
Pounds | Pourds | Ounces | Peresni
Low-speed loading. 1 1,05¢ % 287 122 8.7 | Nose erushed Nose broke off.
2 Lasl 2,580 122 8.9 do N
3 éaﬁ 2,657 214 &3 do. Tail broks off.
4 il
Average. 2,504 122 )
Highspeedloading. .o oo ___ | 5 L1127 1,568 1.9 Noass broke off. ... e eeee—f Tail broke off.
6 L (20 1,88 12.2 94 Tallbrokeof _ ____ . .
n 1,345 1, 953 122 do Webh In tail buckled and broke.
8 L4z 121 |- 4 . Do ,
Aversge 1,713 121 ' ) [ -
Design No. 2
Low-speed loading. 55 1,281 8.7 -Web buckled at lightening hale.
L] 1,428 8.8 9.5 Do.
&7 1, 206 8.9 .5 Do.
Averaga 1,235 88 .
High-speed loading 58 598 &89 Do.
5 |- 611 8.8 e.8 Do.
4] Ti2 a8 10.7 - Do.
Averags 630 &8
Design No. & : . .
Low-speed loading. 1 T L0859 6.7 11.2 Disgonal palled web away at front
spar.
2 988 67 Do.
3 1,042 6.7 Deo.
Average... i i 8.7
High-speed loading. 4 518 a7 . Dlagnsl palled web away at rear spar,
5 515 8.7 8.7 a,
6 647 68| a1 Do. )
Aversga 580 8.7
Design No. & ) e
Low-speed loading 7 . ™ 63 9.6 Nose crushed. o
8 T4 es| Do. - -
9 857 6.3, .
Averas ' =
High-speed loading. 10 618 6.4 10.2 Diagonal pushed web and cap awsy
. at rear spar.
11 7oL 6.6 Do.
ST [— 7 6.8 %.2 Do
Average. 719 64 ] -
Desigr No. § : . -—— =
Low-apeed loading.. 1,208 7.1 .7 Noss crushed. ‘ .
14 1,188 7.2 De.
15 L3 7.5, Do.
Average. ’ . . .
High-speed Ioading. 16 937 7.6 10.0 Lower chord broke.
| iyl (— 043 7.2 9.4
o7 %1 Diagonal broke,
Average J Q52 [ Y . .
I The designs are described in the appendix. 1 The weighis given do not Includs relnforcement.,

287



238

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TABLE VIL—SUMMARY OF STRENGTH TESTS ON RIBS AT S3TATION 3 OF THE BS-1 AIRFOIL—Continucd

OHORD LENGTH 48 INCHES—Continued

Net lift load I Typo of fallure
Ro. Welght | Goatent® .
First test | Finsl test :- First test Final test
Daign No.8 - =
Pounds | Pounds | Ounces | Percent
Rl ST LT LLT L) T R ——— 19 718 1,822 8.4 8.3 | Nosg crushed Rib sheared at rear spar.
20 566 1,957 8.5 8. 0. Web in tall buckled.
21 541 2, 267 8.5 22_ ‘Web buckled near front spar.
Average. 2, 016 8.5 .
High-speed loading. pS 008 8.4 Web In tail bueklad.
23 1,248 8.6 0.0 Do,
i % 1,308 8.5 838 i Do.
Average.. ! 1,183 8.6, o) —
Design No. 7 l - = -
Low-speed loading Y é3| a8 9.0 i Web buckled at lightening hole.
28 658 7.2 8.7 . Do. Ugn ¢
b S 738 71} —
Aversge........ €08 [} R .
High-speed loading. ._. i 435 7.8 [ . - Do.
2 356 7.2 9l Do.
0. a8 68, ~ 89, Do.
= -
AVerage. ...... 369 7.2 : ....... ] Z
Design No. 8 [ *?
Low-speed loading.._... 3 761 7.0 81 . Lower chord broke,
32 . 181 6.9 . Deo.
33 751 7.1 8.8 - Do.
Average.. 764 7.0 - )
High-apead Joading. H 510 7.0 a.7] Do.
3% 522 6.9 ! Do.
. — 504 69f 106 _ Do.
Average.. 513 6.9 -
Design No, 8 i )
Low-3peed loading..._..._. 14 o 488 5.7 &5 — Lower chord buckled.
33 508 &7 - De.
- I— 676 5.6 8.0 _ Do.
Average.... ! 577 57 :
High-speed loading. Ty 301 5.6 ey Tafl section buckled.
g '{ . 433 .58 10.2 s Do.
i = 484 6.7 101 ] Do.
Average....... - i { - 438 5.6 N
Design No. 10 H -
Low-speed loading.___... . 43 1,761 7.6 89 — Chord broke near froat spar.
P 1,696 .7 9.1 0.
. 45 1,383 7.6 = Nose broke off.
Average. . 1,610 A - -
High-speed loading. ieeea] 468 - - 008 7.7 i Chord broke near rear spar.
I ._1,082 7.8 8.8 Do.
.3 S—— £39 7.7 9.1l 0.
Average.. 928 [ — | D .
Design No. 1f j o
Low-spoed 108AINg. - .~ cmeemseeeeeoee ] 40 1,087 1,5% 7.2 Dla%o:n_a'.l broke, Lower chord broke.
50 802 1,802 7.8 Q. Nogze fafled.
51 1,802 | .2 133 o Chord broke In tail,
Average. ... 1,521 2% [S— -] .
High-speed loading. ._.....__ P 52 481 7558 7.2 12.4 | Diagonal broke - Lower chord broke.
=y —— i 809 7.3 : e : Do,
54 890 004 7.8 Dlagqnal broke Do.
Average: . } 823 LA ) — -
R i ol i -
" CHORD LENGTH 96 INCITES -
Design Ko, 1-4 : i
Low-speed loading 19 3,286, 4,160 521 12, 5-) Nose crushed Tail broke off,
20 . 4,800 5.6 Do.
21 4 441 50.5 L7
Average._._ 4,302 62.1 - )
High speed loading..... 22 |.. 1,822 62.7 1.1 ' Do.
2 2 2,050 519 1L.0 Do.
2 1,730 5.6 118 |..- i . Do.
a pe-w
Average........ [ pommR— 1, 867 24 |eaes I
P =
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TABLE VIL—SUMMARY OF STRENGTE TESTS ON RIBS AT STATION 3 OF THE BS-1 AIRFOIL—Continued

CHORD LENGTH 9% INCHEE—Continoed - e
Net Lift load ’ Type of faflure =
Rib Molsture, - . . - o
Ro. Welght content ! i S ——
First test | Final test; ' First test | Finsl test -
i A
Design No. 2-43 . ‘I
Pounds | Poundr | Ounces | Percent !
Low-speed loading 25 2,816 8.2 Web buckled at lightening hoIe_--.__
26 3,601 4.6 12.5 Web bockled at Ifghtening hole.
b s 4 291 46.2 X Do.
y . —
Average. ... n 1 !
Hlgh-speed loading 4 B 260 0.3 05! Do.
s 1 g0 }’, 161 20.6 nr! Do.
I 30 1 L= 3.8 j Deo.
Average. . ' 1,181 I —
Desigr No. -4 ; ' o
. j =
Low-speed loading : 1,331 4.6 7.3, Web of cap broke In nose. ° =
r 2 1,238 24.9 7.1 e - . 0. .
; 3 L% 2.2 . ! Disgonal pulled web away at front spar,
Averse... - Y — _ =
High-speed loading.. 1 4 654 24.2 Diagonal pulled web away at rear spar. B
{ L3 753 25.0 8.5 : Do. .
X 6 o0 206 8.7 . Deo. ~
Average.. : 749 2.8 P
Desigh No. 44 [ )
Low-speed loading sT 1,491 201 6.8 Noss erashed.
[ 8 1,621 a2 7.0]. Do.
: L 421 2.8 Deo.
Average. ; —
High-speed loading._ 10 820 8.7 7.3 Dmgona.l pushed web and cap away
at rear sper. -
s 11 902 2.8 80| Da. .
|12 200 2.9 Deo. —
Average. ) 874 98.8 L
Deslgn No. §-4 4 - - —
Low-speed loading, 13 2,018 32.5 Lower chord broke.
40 ] 2,741 2385 127 §-- : Do. T
15 3,216 33.3 - Nose broke, -
Average. 2,058 3.1 h
Bigh-speed loading. 18 L 131 83.4 9.8 Y.ower chord broke.
17 1,268 3.1 10.2 Do. —
| 18 L2227 a3 .
Aversge. , 1,208 2.9 [ .
Desigr No. 4 J
Low-speed loading | & zew| ame| ans Lower chord buckled Lower chord broke at Joiat.
, 38 2,021 3,46 37.4 L%wei chord buckled and (ﬂagonal Do. .
roke. —_—
2,146 7.2 . " Chords and diagonal broke in tafl. T
Avernge. 2,970 37.3 . -
High-speed loading . .ooeee o —_—t 4 900 1,074 37.6 Diagonal In tall broke_ ____________ __ Lower chord broke.
41 1,078 L 178 38.0 do. : Do.
@ L 370 . Do.
Average. 1,15 3.5 M
Design No, 9-48
Low-speed loading 81 1,081 0.7 Lower chord broke.
2 1,316 30.6 . Do.
1,516 30.2 12.9 Do.
Average. 1,308 30.5 —i
High-speed loading. 34 555 30.5 Lower chord broke fn fafl. ... .|
i 35 1, 142 12.2 Lower chord broke in tafl
36 1,083 127 Da. _
Aversge. . =
Detign No. 10-4 -
Low-speed loading..-eceaeeeeeee 1 56 2,704 3,004 B’.0 13.4 | Diagonal adjacent to front spar broke.] Lower chord broke.
56 2,804 3,104 3.6 18.8 do Do. )
- &7 2,504 3,229 7.6 do Do. . . e
Average. 1,671 T T
HIghspeed loading 8 1,314 1,038 $7.7 Dingaml adfacent to rear zpar broke_ | Do. -
50 1,314 1, 658 7.6 0. Deo. -
00 1, 503 1,842 3T 4.2 do Do. .
Average_ 1,377 3.7 "_'_'

i Small stiffeners near the edges of the lightening holes were clamped on rib 26 and glued on rib 27,
« Bib 15 was reinforced befors test.
% RIbs 35 and 36 were reinforced before test. —
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TABLE VIL—SUMMARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-1 AIRFOIL—Continued
CHORD LENGTH 96 INCHEB—Conthued

Net lift load Type of fallure
Rib Malsture
No. Welght | oongent
First test | Final test . First test Final teat
Design No, 11-A
Low. IWH" ) 43 Pﬂg,%i Pog;’?g& omgfc P”ﬁ.ﬂ{ Diagonal adjecent to front broke.| Tail broke of.
. ng. mal adjacen ont & 10] ail brokse off,
peed 44 2,384 8,084 |- 842 mﬁ par Lower chord broke,
45 - boe| i - Do,
Average. C 804l .4 -
High-speed load! 48 1,071 836 844 Diagonal adjacent t0 rear spar broke...| Chords broke,
e AR RN 5 S W o Y s K. i v Do.
48 1,486 3.4 %6 Do.
Average 1,441 34.8
Destgn No. 124 .
Low-8 lToading. 61 270 18.8 Diagonal falled Chord broke.
peed % §79 : i’. 279 18.6 uﬁn Do.
(-] £70 1,88 - 189 do. s Do.
Average 554 1,314 15.8 ; _
High-speed loadin 64 882 871 18.5 do. Do.
g-sp ¢ 65 348 633 18.4 de. Do.
86 a7 v 187 Ao Do.
Averago... a8z 752 8.5
Deslgn No, 18-A ¢ .
Low-speed loading a7 500 1 =5 Web buckled
peed loadin & T30 888 : Web buckled.
[ 1,879 4.7 Wab huckled, breaking brseing.
Average o )
High-s; Joeding, 70 831 8.5 ‘Web buckled,
Igh-speed loedin 71 D8 870 Web buckled,
72 1,124 26.8 Do.
Average.
Design No. 14~A . . _
Low-8 loading. : 78 879 1,070 16.0 Diagonsal broke. Lower chord broke.
pesd 74 929 16.0 agom Do,
76 T 654 18.5 Do,
Average 87 18,2 ) . . ’
Hi LT WUET ) - S 76 480 469 16.0 Diagonal ad)acent to rear broke.. Do,
gh-ep ng i 417 588 18.1 B%o spar Another dlagonel broke,
78 417 538 16.1 do. Lower chord broke.
Average 440 515 16.1

¢ Riba 67 and 70 had f ywood b3 with no b
12 had lightening holes wituhn 5 2o £
BS-1 AIRFOIL SECTION
PLYWOOD TYPES

Design No. 1; 48-inéh chord.—The original full
plywood type with stiffeners and a web thickness of
three thirty-seconds inch has been designated design
No. 1. The plywood of this design is slightly heavy,
causing a reduction in efficiency of about 10 or 15
per cent below the ideal for this type. In a preliminary
test the nose section of the design broke off. The
condition revealed by this test, however, was not
considered satisfactory, since normelly the inter-
mediate nose sections would receive their share of
the load and transmit the moments to the rest of the
rib by torsion in the spar. Thus, in contrest with the
load upon the rest of the rib, only about one-half the
load applied to the nose in test comes upon it in service.
The rib was therefore reinforced in the nose and the
results of the tests reported are for ribs thus reinforced.

recing.
ecreass In welght of 9.6 ounces and 10.2 ounces,

Ribs 68 and 71 had foll a?yywtmd wabs with 12.8 ounces and 13.5 ounces bracing, respectively. Rihs 09 and

Design No. 1-A; 96-inch chord.—It was found in
the tests of the 48-inch rib that the web is slightly
heavy as compared with the reinforcement and caps.
In going to the 96-inch rib, therefore, an attempt was
made to compensate for this lack of balance, which
resulted in a rib that rates well in efficiency. Failure
occurred through buckling and bresking of the tail
section of this design, No. 1-A.

Design No. 2; 48-inoh chord.—By cutting lighten-
ing holes in design No. 1 its weight can be reduced
materially and perhaps it will still carry all the load
that is needed. In design No. 2, however, the lighten-
ing is excessive and consequently it resulted in a
reduction of strength far in excess of the reduction in
weight. (Table VIII). The ribs failed in test by
buckling and breaking of the web at the lightening

"holes. The design is 25 or 30 per cent low in efficiency

for its type.
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TABLE VIIL.—STRENGTH OF WING RIBS, HAVING DIFFERENT DESIGNS OF PLYWOOD WEBS, OF THE SIZE
REQUIRED AT STATION 3 OF THE BS-1 ATRFOIL

Low-speed loadin.z.

Web Highspeed loading
Design1 No. Thick Spectes of wood P P
> Net lift [Weight Moisture} Net lift [Weight off £ | Moisture
ness of Type of web load, P | tib, ¥ | % | content | loed, P | mb, W | W | content
Core . Faces

Inch Pounds | Ounces Percent| Pounds | Ouncee | | | Percent

) I Poplar. Mahogany. Foll web 2,287 12.2| 188 87 1,568 1.9 | 182 |eomooeee
1 do. do. do 2,569 12.2| 210 8.9 1,878 1.2 | 154 s.4
1 do. do do. 657 | 121§ 218 8.3 1,088 122 182 [cceaeea
1 do. da. do. %h:l[_] 1,423 122 116 oo
Average 2,504 122} 208 1,718 121 141 |eemeee ——

| — Mahogany-.......} Mahogany. With lightening holes...| 1,221 87| 140 58 .80 (7 —
2 d do. do. L428 8.8 182 9.5 &1 8.8 69 0.8
2 do. : do. do.. 1,206 8.0 138 10.5 742 8.8 84 0.7
Aversge 1,285 8.8 148 630 8.8 T8 |

[ I s | Mahogany.....——.] Mahogany. Full web. 1,822 8.4 | a7 8.8 908 7 % B (i g SO—
6 s do do do 1,957 5| Wo|- &8 L3 8.5 148 9.0
6. s do. do. . do. 2, 287 8.5| 268 1,308 85| 154 - %]
Aversge i 2,015 8.5| 238 1,13 PR BT ) E—
A | s | Mahogany......—| Mahogany .. .| With lghtening holes_._ 633 68| 100 9.0 435 [ B M—
7 s do. N () do. 68 7.2 g1 8.7 356 7.2 49 g.1
4 do. do. do. 738 104 216 6.8 46 8.9
Average. 693 7.0 o8 ase 7.4 .3 ) [N,

\ The deslgns are described In the sppendix,

Design No. 2-A; 96-inch chord—The design made
by cutting lightening holes in design No. 1-A has been
designated No. 2-A. The usual failure of buckling at
the lightening holes resulted in a lead considerably
lower than that which the reduction in weight alone
would justify. With small stiffeners clamped near
the edges of the lightening holes, which increased the
weight about 13 per cent, the load was increased about
40 per cent. With stiffeners glued and nsiled on, the
load was increased to approximately that cerried by
the full plywood No. 1-A and the ribs weighed ap-
proximately 15 per cent less. This last varistion in
No. 2-A gives a rib that comes very closely to an
optimum load-weight curve for the type.

Design No. 6; 48-inch chord.—Design No. 6 is an
attempt to lighten the original design by using thinner
plywood. A web ¥ inch in. thickness was substi-
tuted for the ¥s;-inch web. In low-speed loading, the
nose section failed by local crushing under the load
block. The rib was repaired by renewing the cap
strip at this point and gluing a piece of plywood on
each side of the web in the nose section. While the
loads causing crushing of the original nose section were
Jess than half those expected for the ideal of this
type, those obtained after the repairs were made were
even greater than would be expected of the ideel rib in
which the nose had the same web and cap as the rest
of the rib. These facts show that & rib of uniform
strength can not be obteined by using & web of uniform
thickness.

Design No. 7; 48<inch chord.—Design No. 7 is
merely No. 6 with lightening holes. As pointed out in
the discussion of No. 2, the lightening is excessive.
Further, when extremely thin plywood is lightened,

the reduction in strength is always far in excess of the

reduction in weight. (Table VIIL.) With the com-
bination in this design of excessive lightening and thin
plywood, the resulting efficiency wes approximately
but helf of that expected of the ideal for the type.
The ribs failed by buckling and breaking of the webs
at the lightening holes.

Design No. 13—A; 96-inch chord.—For & preliminary
test a rib with a full plywood web ¥s inch thick was
used. As the test progressed and buckling of the
plywood occurred at different parts of the rib, rein-
forcement was clamped to the web. This process
was followed until the plan of reinforcement shown in
the sketch of design No. 13-A was reached. In this
preliminary test, the reinforcing members were rec-
tengular and all of one size. For final tests the ribs
were made up as shown in the sketch except that a
solid web instead of one with lightening holes was used.
In tests of these 1ibs, failure occurred by buckling of
the webs to such an extent as to cause failure in the
stifeners. The ribs, however, rated well in efficiency.
As an additional development, lightening holes as
ghown in the sketch were added in this design; the

holes really throw it into the reinforced plywood truss.

class. Such lightening gives a lighter rib but one more
efficient than the reinforced full plywood rib, a fact
that was also demonstrated in the tests of the parallel-
chorded specimens.

TRUSS TYPES

Design No. 8; 48-inch chord.—Design No. 3 is of
the Pratt truss type, which has tension diagonals
adjacent to the spars. These diagonals pulled away
at the joint, shearing off the web of the lower chord
at the spar and separating it and the cap. Because of
the difficulty in securing tension diagonals, the design
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is decidedly inefficient, falling far below the idesal for l diagonal and the diagonal reinforced, the result was

the truss type of construction.

Design 8-A; 96-inch chord.—The failure of the larger |
rib of design No. 8—-A was identical with that of No. 3
in the 48-inch length. The web that sheared off was
twice as deep, although of the same thickness as the
one in the shorter rib, and failure might be expected to
occur at double the load. Because of the nature of
the union of the diagonal and the web, however, the
failure would necessarily be a progressive one, which
. would account for the fact that an average increase of
only 25 per cent was obtained.

Desgign No. 4; 48-inch chord.—The Howe truss with
comparatively short panels, represented in design No.
4, has compression diagonals. In low-speed loading
the ribs failed in. the nose section by crushing under

the load block. Such concentration of load, however,
would not-occur in dctual practice where intermediate

nose sections or other reinforcement is used. There-
fore no comparison c¢an be made in this loading with
ribs of design No.3. A comparison in high-speed load-
ing, however, shows clearly the superiority of No. 4
over No. 3, although No. 4 is still considerably lower in
efficiency than the ideal truss type. Failure occurred
in some ribs of No. 4 by buckling of the diagonal inside
the rear spar and in others by shearing of the web of
the upper chord at this spar.

Design No. 4-A; 98-inch chord.—In the larger de-
sign, No. 4-A, the failures in high-speed loading were
similar to those in the shorter length. Again, this rib
might-be expected to carry twice the load as that
which produced failure in the 48-inch rib. An increase
of but 22 per cent' was obtained, however, since the
shearing of the upper web was of the same progressive
type as that in the lower web of the Pratt truss; in
the Howe truss the shear was transmitted by a com-
pression member and in the Pratt truss by a tension
member.

Design No. b; 48-inch chord.—Design No. 5§ differs
from No. 4 principally in that the chords are channel
sections instead of T sections and that it has two panels
between spars instead of three. The low-speed tests
were not indicative of the efficiency of thig rib becauss,
as noted under previous designs, lack of nose reinforce-
ment permitted failure at loads considerably lower than
those which the remainder of the rib would sustain.
High-speed tests, however, showed this design to be
superior to Nos. 3 and 4 and well balanced as to chords
and diagonals. It is still slightly below the ideal truss,
but about the maximum that should be expected with
square diagonals.

Design No. 6-A; 96-inch chord.—Design No. 5 had

shown a good balance between chords and diagonals,
but in making the corresponding 96-inch rib the
thickness of the channeled chords was left the same for
double depth and the diagonals were increased in a
9 to 5 ratio in both dimensions. Except-for one test
in which abnormal deflection was observed in one

|

| failure in the chords in both low-speed and high-spced
loading at-more than double the load in the low-speed
loading and at about a 30 per cent increase in the hlgh-
speed. The depth of the channeled section was in-
creased from ¥% inch to 1% inches with the same thick-
ness of %, inch, thus giving an outstanding flange with
a ratio of unsupported width to thickness of 12 to 1
as agzinst 5% to 1 for design No. 5. This gave a pre-
liminary failure by buckling of the outstanding flanges,
which was followed by twisting and buckling sidewise
of the entire cap.

Design No. 8; 48-inch chord.—The long-panel
Howe truss, with combination spruce and plywood
channeled chords, of design No. 8 is decidedly weak in
the chord members. Even in the low-speed loading the
lower chord failed between spars before the unrein-
forced nose section gave way. This design is poor
and the type offers little possibility of approaching the
ideal truss in efficiency. The plywood made a section
too weak to resist bending under the loads spplied,
which resulted in failure of the lower cap. Further,
this cap does not—offer the resistance to twisting and
buckling that the spruce cap of design No. 5 offers.
From the standpoint of the strength of the cap, No. 8
can not be made the equal of No. 5. There is probably
an advantage, however, in the fastening of the ends of .
the web members to the cap, since the shrinkage and
swelling caused by changes in moisture content will
not materially stress the glued joint.

Design No. 8-A; 96-inch chord.—Since design No. 8
is decidedly weak in the chord members, in construct-
ing the larger type the thickness of the webs of the
chords wes increased by 60 per cent and the depth in
a 7 to 3 ratio. The diagonals were increased in an
8 to 5 ratio, which left them still stronger in proportion
than the chords in No. 8. From the changes in the
chord it-might be expected that the load to cause
failure would be several times that required for the
shorter rib. By changing the ratio of unsupported
depth to width of the channel webs from 9 to 15, as

we have done, however, a greater tendency to twist—

and buckle is introduced, which accounts for the fact
that the ribs failed at approximately two and one-half
times a8 much load as the shorter ribs. Design No. 8-A
will not carry the load that No. 5—-A will carry because
U sections with plywood webs will not resist twisting
and sidewise buckling so well as a U section of spruce.
When the final test-values given in Table VII were
obtained, a small strip was placed between the chord
and the loading blocks in the weak panel. It is esti-
mated that this incressed the load by about 10 per
cent. ' Even then the chords were still weak.

Design No. 10; 48-inch chord.—Design No. 10
is similar to No. 8 except that the section between
spars ig divided into four panels instead of two and
the diagonals are made correspondingly lighter.
Although considerably better than No. 8, yet it is
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questionable if this {ype can be made to approach
closely to the ideal. The ratio of the width to the
thickness of the outstanding flanges of the U ecap
section is too great.

Design No. 10-A; 98-inch chord.—It was found
that in the short rib of design No. 10, for both low-
speed and high-speed loading, the chords failed
repeatedly. Accordingly, in No. 10-A an attempt
weas made to bring abouf & closer balance by s greater
increase in the chords than in the diagonals. Failures
in the rib then occwrred in the diagonals at approx-
imately one and one-half times the load sustained
by the shorter ribs.

After the first failure of a diagonsl, it was rein-
forced and further failure was thus thrown into the
chord. Failure loads were then approximately double
those obtained in the shorter rib. The load that the
increase in the size of the chords might indicate is
about two and one-third times the load for the smaller
ribs. The load obtained, however, was only about
double. Wrinkling and twisting of the thin channel
sections accounts for the reduction, as previously
explained.

Design No. 11; 48-inch chord.—In design Neo. 11
we have a Warren truss with cap strips similar to
those of Nos. 8 and 10. The rectangular diagonals
are decidedly weak as compared with the chords.
In low-speed loading the disgunal adjacent to the
front spar failed at s comparatively low load. and
in high-speed loading the diagonal adjacent to the
rear spar failed. Retests were run after reinforcing
these diagonals and failure then occurred in the chords
at considerably higher loads. The loads thus obtained,
however, were insufficient to plsce this design near
the ideal load-weight curve. Again attention is
called to the unsupported depth of the web of the
flanges, as pointed out under the discussion of designs
No. 8 and 10.

Design No. 11-A; 96-inch chord.—It was pointed
out under the discussion of design No. 11 that the
diagonals are weak in comparison with the chords.
The increase in the size of the diagonals for the 96-inch
design should almost double their capacity to carry

load. In low-speed loading failures occurred at-

loads slightly less than double those that caused
failure in the smaller size. Yet the design is still
unbsalanced, with a decided weakness in the diagonals.
By reinforcing the weak diagonals, failure was thrown

into the chords with a 25 per cent increase in load. |

With proper balance No. 11-A should be expected
to approach more closely the ideal truss, and yet,
with plywood sides and square diagonsals all of the
same cross section, it can not possibly come to the
ideal truss.

Design No. 12-A; 96-inch chord.—In design No.
12-A an attempt was made to obtain a rib weighing
about half as much as the 96-inch No. 11-4 ribs just

41630—81——17

discussed. The balance between the chords and the
diagonals of the No. 12—A rib is poor, failures oceurring
in the diagonals in ell cases at a relatively low load.
As g diagonsl failed, in each specimen, it was rein-
forced and & retest was made until failure was thrown
into the chord. These tests showed that, by increasing
the size of the weak diagonals, the strength of the
No. 12-A rib can be doubled with only a 10 or 15 per
cent incresse in total weight of rib. The buckling of
the thin plywood webs of the chords, however, will
prevent this design from reaching the idesl strength-
weight curve. Another possibility for inereasing the
efficiency of the original design is to increase the size
of the diagonals somewhat and Lighten the chord.
The result would be a lighter rib, one that would no%
carry so much load as the one developed by the first
mentioned method of improvement, and yet one that
can approach as near to optimum efficiency. Such
improvement was attempted in the next design, No.
14-A.

Design No. 14-A; 98-inch chord.—With chords_

lighter and diagonals heavier than those of design No.

12—-A, the individual members varying in size according

to the stresses imposed upon them, a rib is formed that
is one-sixth lighter and yet carries one and two-thirds
times as much total load. The design, No. 14-4, is
but slightly below the ideal. By the use of cruciform
diagonal members and parallel-grained sides for the
U caps, the ideal could have been readily reached.

REINFORCED PLYWOOQD TRUSSES

Design No. 9; 48-inch chord.—Design No. 9, al-
though simple in construction, appesred to give no
promise of & high degree of efficiency on account of its
nonsymmetrical construction. In low-speed loading
the web and the cap strip of the lower chord in the
panel adjacent to the front spar buckled and broke
and in high-speed loading similar failures oceurred in
the tail section.

Design No. 9-A; 98-inch chord.—Failures in the
larger size, design No. 9-A, were identical with those in
the 48-inch ribs, which were a buckling and breaking
of the chord in the long panels at & relatively small
load. Some attempt was made to develop this design
by reinforcing the rib at points of failure, but the
success was relatively slight. The comments on No. 9
apply also to No, 8-A.

PARALLEL-CHORD SPECIMENS

TRUSS TYPE
154-Inch D_epth

Design No. 101.—The Warren fruss of design No. 101
has diagonals of cruciform cross section without fillets.
The greatest weakness of this design is a lack of glue
area between the cap sirip and the spar block. When
reinforced at the restricted glue areas the diagonals
failed by twisting. This type of failure is readily over-
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come by means of fillets or through a slight decrease
in the width of the outstanding flanges and an incresse
in their thickness.

Design No. 103.—Ezxcept for fillets in the crosses,
design No. 103 was similar to No. 101. One specimen
failed because of poor material and the other two
showed that portions of the cap strip were too light to
furnish sufficient glue area to hold the diagonals.

Design No. 108.—The flanges on the cap strips of
design No. 106 are thicker and of better material than
those of No. 103. The specimens are well balanced in
strength between the cap strips and the disgonals

adjacent to the spar block. Although the specimens-

are about 20 per cent below the ideal strength for their
woight, their efficiency is about the maximum that
should be expected of what appears to be excessive
depth, a ratio of spar spacing to depth of about 3.
Designs No. 121, 128, and 131.—In design No. 121
all the members are larger in cross-sectional area than
those in No. 106, and all are in the same ratio. This
change gives an unbalanced construction and the in-
crease in strength is about directly proportional to the
increase in weight and not to its four-thirds power, as in
the ideal design. Failure of designs Nos. 121, 126, and
131 occurred in the glued joints. Design No. 126 was
improved at places where No. 121 had failed, but it still
showed weakness, primarily because of poor gluing.
In No. 131, the cap strip is the same size as in No. 126,
better gluing was obtained, and the center diagnals and
posts were made somewhat lighter. The lower cap
strip at the union of the tension and the compression

diagonal nearest the spar block seemed to be weak, but-

otherwise the design appears to be well balanced.

Design No. 138.—The failure in design No. 136,
which has heavier cap strips than No. 106, occurred in
the diagonals adjacent to the spar blocks. The center
diagonals and posts are smaller than those in No. 106.

Design No. 137.—In design No. 137 both the cap
strips and the center diagonals are lighter than those in
No. 106. Failures were well distributed throughout
the different diagonals, indicating & good balance.
This design showed weakness at the junction of the cap
strips with the spar blocks, and clamps were applied to
prevent failure at these joints.

Design No. 138.—A slightly wider cap strip than that
in design No. 137 is used in No. 138 and the flanges are
placed at the spar blocks toprovide large glue areas.
The failures, however, were the same as those in the
unclamped specimens of No. 137. The increase in the
size of cap strip gives no material increase in strength.

Design No. 142.—The cap strip of design No. 142 is
lighter than that of No. 138 and heavier than that of
No. 137. No fa.llures occurred in the cap strips them-
selves.

Design No. 146.—Made the same as design No. 137,
No. 146 also developed weakness at the joints hetween
the upper cap strip and the spar blocks.

mally weak in comparison with the flange.
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Design No. 148.—The cap strip of design No. 148
is relatively shallow and additional glue area for the
tension members was obtained by widening the ends.
Thig widening seemed to increase the secondary
stresses.

Intermediate conclusions.—All the pertinent infor-
mation combines to indicate that design No. 106 is the
best balanced parallel-chord truss of 15% inches in
depth and having diagonals of cruciform cross section,
Design No. 131, although & much heavier truss, is a

"close second.

Designs No. 102 and 154.—Designs No. 102 and 154
have rectangular diagonals. The diagonals adjacent
to the spar blocks failed and greater efficiency could
have been obtained by increasing the size of these
members. This, however, was not done in trusses 15%
inches deep.

. 11%;-inch Depth

Design No. 108.—In design No. 109 the union be-
tween the upper cap strip and the spar blocks appears
to be weak.

Design No. 122.—In design No. 122 also the joint
between the upper cap strip and the spar blocks is
weak. When this joint was clamped after the first
failure, an increase in strength of from 10 to 20 per
cent was obtained.

Design No. 136.—The specimens of design No. 135
failed at the joint between the upper cap strip and the
spar block. .

Design No. 139.—Design No. 139 is the same as No.
135 except that the cap strip is smaller in the middle
part of the rib and is flared at the spar blocks. The
distribution of failures was more general thar for No.
135, approaching a balance.

Design No. 148.—The lack of strength at the joint
between the upper cap strip and the spar block and
insufficient-depth in the flange of the cap strip at-its
joints with tension members cause design No. 143 to
fall below the ideal. _

Des1gn No. 168.—Design No. 163 has rectangular
diagonals and a U-shaped cap strip with plywood
flanges. Failure occurred in the diagonals adjacent to
the spar blocks in all specimens.

Des1gn No. 149.—The diagonals in design No. 149,
which is the Martin truss type, proved to be abnor-
After the
initial work no further tests were made, since there
appeared to be no chance of this type of truss equaling
the efficiency of the other trusses, such as the Warren
and the Howe.

T¥-inch Depth

Design No. 110.—Design No. 110 appears to be out
of balance. The union between the upper cap strip
and the spar blocks is not strong enough. One speci-
men failed through the tension diagonal pulling away
from. the cap strip, indicating that-the cap strip may
be strong enough, but that the joint is too weak.
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Design No. 184.—In design No. 134 the cruciform
diagonals are 'not filleted, the tension diagonals are
thin flat members, and the center diagonals and the
posts are reduced in size in comparison with those in
No. 110. The outstanding flanges on the diagonals
adjacent to the spar blocks buckled. It appears that
these specimens would have been slightly stronger had
the diagonals been filleted.

Design No. 141,—The tension members of design No.
141 are reduced in comparison with those of No. 134,
fillets have been added to the diagonals adjacent to
the spars, and their width is decreased slightly. The
weight of the cap strip is somewhat less than that of
No. 134. The flanges of the cap strip have proved
somewhat thin although this design approaches closely
to the ideal as given by the curve. (Fig. 4.)

Design No. 144.—Design No. 144 has the highest
efficiency of any of the trusses tested and is slightly
above the ideal curve. .

3%§-Inch Depth

Design No. 115.—The lower cap strip in the speci-
mens of design No. 115 buckled laterally.

Design No. 120.—The diagonals of design No. 120
are reduced in size and the cep strips are slightly in-
creased in comparison with No. 115. The specimens
failed through direct compression in the diagonals at
the reduced section near the joint. The efficiency
was about the same as that for No. 115.

Design No. 182.—The diagonsals of design No. 132
are larger than those of No. 120, but they have no
fillets and the flanges of the cap strip are thinner.
The specimens, which failed by buckling in the cap
strip, gave an efficiency about the same as that of No.
115.

Design No. 138.—The diagonals and the posts of
design No. 123 are smaller than those of No. 115 and
the flanges of the cap strip are a little more rigid. All
specimens of this design failed by lateral buckling in
the lower cap strip. This set shows the highest effi-
ciency of any of the designs in this height.

Design No. 140.—A slight reduction in the diagonels
adjacent to the spar blocks of design No. 140 and a
slight increase in the stiffness of the cap strips over
those of No. 133 resulted in failure in the diagonals at
a lower load than that obtained for No. 133.

Design No. 146.—Fillets have been added to the
diagonasls adjecent to the spar blocks; in other respects
design No. 145 is the same as No. 140. The efficiency
is increased over No. 140, but does not equal that of
No. 133. The d.iagonals adjacent to the spar blocks
failed in compression.

Design No. 155.—Design No. 155 appears to be
fa.u-ly well balanced, but the quality of the material
in the actual ribs is not quite up to that used in No.
133 ribs.
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Design No. 156.—Design No. 156 has rectangular
compression members that failed in compression at the
ends where the section was reduced for the splins.

Design No. 162.—The splines in design No. 162 were
reduced in thickness as compared with those of No.
156, and the diagonals adjacent to the spar blocks
were also reduced in cross-sectional area. This design
gave an increase in efficiency over No. 156 and was
close to the average of those with diagonals of cruciform
cross sections.

Intermediate conclusions.—In shallow specimens
with short compression members there is but slight’
advantege of cruciform over rectangular diagonals and
obtaining maximum efficiency is not practical for
trusses having a ratio of 11 or more for spar spacing
to height.

REINFORCED PLYWOOD TRUSS
15}4-inch Depth

Designs No. 111, 112, 147, and 161.—This group
of designs is an attempt to develop a balanced type
of reinforced plywood truss. In design No. 111
lightening holes are cuf in the web between the stiffen-
ers, leaving only a narrow strip at the stiffener supports
with a somewhat wider margin at the cap strips as a
flange. Failure occurred in the stiffeners. The rein-
forcement appears to be somewhat light to give a well-
balanced design; this is true especially of the stiffeners
adjacent to the spar blocks. Design No. 147 is prac-
tically the same as No. 111, except that more of the
plywood web is cut away and the stiffeners are still
lighter. The diagonal reinforcements are too light to
balance the specimen, end failure occurred in the
diagonals. Design No. 112 has oval-shaped lightening
holes with stiffeners; the specimens failed by buckling
of the web around the lightening holes. In design
No. 161 the plywood web is cut away except for flanges
left at the cap strips and spar blocks, a condition that
resulted in a specimen lighter than No. 111. Better
results can probably be obtained with diagonals not
quite so wide in the plane of the rib, reinforced by a
thin full-length strip instead of spacer blocks separating
the two diagonal members. This strip should be about
two and one-half times as wide in the plane of the rib
as the diagonal. Such a design would approach the
truss with cruciform section members.

1154-inch Depth

Design No. 116.—The cap strips in design No 116
are g little too light to obtain the greatest efficiency.
If more plywood were cut away, it would improve this
design. '

Design No. 164.—The glue area ab the end of the
diagonals adjacent to the spar block in design No. 164
is insufficient. The diasgonals would have nearly
double the strength if each one were filled for ifs entire
length with a thin strip in place of the spacer block.
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7%-Inch Depth

Design No. 117.—The specimens of design No. 117
all failed in shear near the joint where the tension and
main compression diagonals meet. More plywood at
this joint, no doubt, would improve the design.

Design No. 124.—Design No. 124 is not quite the
equal of No. 117. Further, the material in the_cap
strips of the specimens made fo this design spparently
was not so good as that of No. 117 specimens. Addi-
tional lightening of the plywood web along the stiffen-
ers would improve both designs.

Designs No. 152, 158, 157, 158, 185, and 166.—Ply-
wood webs with rectangular holes rounded at the
corners and vertical stiffeners, but no diagonals, are
the characteristics of designs No. 152 and 153 and the
group Nos. 157, 158, 165, and 166. The plywood webs
buckled and failed around the lightening holes because
of shearing stresses. The specimens with vertical face
grain gave the highest values, but all the results show
these designs to be grossly inefficient.

3%-inch Depth

Designs No. 114 and 119.—Designs No. 114 and 119
give values somewhat below the ideal. In service they
would no doubt give higher values because of the lateral
support provided by the wing covering, a support that
can not be obtained in the test of one rib. Somewhat
wider cap strips and a reduction in the width of ply-
wood along the diagonals would also result in higher
values for these designs.

Designs No. 129 and 130.—Because of the small
amount of lightening in the region of large shear stress
as compared with the general lightening of the rib,
failure occurred in both the first and the second panel
of designs No. 129 and 130. The general design is poor
and should be expected to fall below the ideal curve.
(Fig. 5.) The plywood web buckled more readily
than single-ply spriuce. Rectangular openings at
points of high shear stresses should be avoided.

FULL WEB WITH BRACING
15}4-Inch Depth

Demgn No. 106.—A wider cap-strip would undoubt-
edly improve design No 105, which failed by lateral
buckling.

115§-inch Depth

Design No. 107.—Failure occurred in the cap strips
of the specimens of design No. 107. The stiffeners
appesar to be heavier then necessary.

T3-inch Depth

Design No. 160.—The cap strip and the web of
design No. 160 failed through the wrinkling or buckling
of the plywood web immediately over the lower cap

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

strip. This buckling was caused by compressmn in
the depth of the section.

Design No, 169.—Design No. 159 is characterized by
smgle.—plece unnailed cap strips, and the face grain of
the web is vertical. Failure occurred by Ilateral
buckling at about 45° to the chord. This design is
the most efficient of this type. '

Design No. 150.—Design No. 150 has a 2-piece
nailed cap strip. The nails reduce the strength of the
cap strip about one-sixth; and since threc-fourths of
the bending stress is in the cap strip, omission of the
nails would increase the strength of this design to
equal that of No. 159.

Design No. 151.—The plywood web of design No.
161 buckled just above the lower cap strip. Here
again s 2-piece nailed cap strip was used; by omitting
the nails, the strength can probably be increased to
that of a single-piece cap strip of the same size.

Design No. 167,—Design No. 167 has vertical face
grain and thicker plywood than the other designs of
its depth, which have already been described. Failures
occurred through lateral buckling. There appears,
however, to be a balance in strength between the cap
strip and the web.

Design Ko, 168.—Design No. 168, in which the
failures were similar to those of design No. 167, has
longitudinal face grain.

Design No. 108.—The speclmens built to demgn
No. 108 failed through buckling in the cap strip. If
the diagonals were reduced in size and the nails omitted
from the cap strip, the strength-weight ratio would be
increased.

3%-inch Depth

Design No. 118.—Specimens of any braced design
with the ratio of spar spacing to depth of design No. 118
(about 11 to- 1) are not very efficient. This design
would be better if the plywood web had vertical face
grain and if the nails were omitted from the eap strip.
The weight can be reduced with no reduction in
strength by cutting down the size of the vertical stiff-
eners. It is estimated that a 10 per cent reduction
in weight and a 20 per cent increase in strength can be
obtained by means of these changes.

Design No. 125.—In the tests of specimens of de-
gign No. 125 stiffeners were clamped to the web.
The strength of the rib can be increased by omitting
rails from the cap strip, using vertical instead of
longitudinal face grain, and using a greater number of
stiffeners that are smaller in size.

Design No. 118.—Design No. 113 almost reaches the
ideal. The bracing or stiffeners, however, are heavier
than necessary. By using vertical face grain and
omitting the nails from the cap strip and stiffeners,
an increase in strength of about 15 per cent and also &
reduction in weight of about 15 per cent can’ be
obtained.
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FULL WEB WITHOUT STIFFENERS
18%4-Inch Depth

Design No. 104—A wider cap strip would improve
design No. 104. When stiffeners were added to the
specimens of this design the increase in strength was
greater than the increase in weight.

11%-Inch Depth

No tests were made on full-web ribs, without stiff-
eners, of 11% inches depth.

73-inch Depth

Design No. 176.—Design No. 176 is well balanced
as to the thickness of the balsa core and the longitu-
dinal-grain mahogany faces. There is also a good
balance between the strength of the plywood web and
the cap sirips. This design is the equal of any of
the designs tested that have a plywood web with
stiffeners. -

Design No. 188.—The balss core in design No. 188
is thicker then that in No. 176 and the proportions are
not so well balanced. The quality of material in the
cap strips of the specimens is probably not up to that
of No. 176, or perhaps the same lateral bracing was not
obtained during test.

Design No. 187.—During test the specimens of
design No. 187 were not braced laterally so well as
those of No. 176.

Design No. 186.—During test the specimens of
design No. 186, too, were not so well braced laterally
as they would be in service. One exceptionally low
value caused by poor bracing pulled the average down.
A slightly thicker core would increase the strength.

Design No. 185.—Design No. 185 failed through
lateral buckling. The plywood web is too thin for
the rib to obtain & high efficiency.

Design No. 178.—The plywood web of the speci-
mens of design No. 178 buckled laterally, and the
balsa core is a little too thin to obtain the maximum
efficiency.

Designs No. 174 and 175.—Some of the specimens
of designs No. 174 and 175 were not braced laterally

so well as others, permitting them to buckle laterally .

at lower loads than they would have held had they
failed in some other manner. A thicker core would
also have increased the strength.

3%elnch Depth

Design No. 123.—Failure of the specimens of design
No. 123 occurred by lateral buckling in the cap strip.
Vertical face grain and the omission of nails in the cap
strip would imiprove the design.

Design No. 127.—In design No. 127 a good bealance
between the thickness of the plywood web and the size

of the cap strip is obtained. If vertical face grain
were used, the web could be thinner.

Design No. 128.—Design No. 128, which has a web
of single-ply spruce, failed through buckling of the
web and the cap strip. In the specimens the stiffness
of the single-ply spruce in the vertical direction is not

so great as that of three-ply poplar because the bend-

ing is entirely across the grain.
Designs No. 169, 170, 171, and 172.—The specimens

“of this group of designs failed through lateral buckling.

Design No. 172, which has a core thickness of five
thirty-seconds inch, is the most efficient. The designs
in this group form a series in which the core thickness
is varied from one-sixteenth to five thirty-seconds inch.
The increase in the thickness of the balsa core is
accompanied by an increase in strength somewhat
more pronounced than the increase in weight, up to a
thickness of five thirty-seconds inch, which is the
maximum tested in the 3%-inch depth of specimen.
The difference in sirength-weight ratios in specimens
with core thicknesses from three thirty-seconds inch to
five thirty-seconds inch is not nearly so pronounced as
that in thicknesses from one-sixteenth inch to three
thirty-seconds inch. )

Designs No. 177, 178, 179, and 180.—The designs of
this group also have various thicknesses of balsa core,
but the grain both of the face plies and of the core of
all of them is at 45° to the chord. The relation of
strength to thickness of core appears to be the same in
this set as in the preceding group (designs Nos. 169 to
172, inclusive), but the efficiency of the web with 45°
grain is lower.

Designs No. 181, 182, 183, and 184,—The designs of
this group have wider cap strips than those in designs
No. 169 to 172, inclusive, but, like the other designs,
they have various thicknesses of balsa core. Vith
wider cap strips the increase in strength in the various
core thicknesses is practically what would be expected
from the corresponding increase in weight.

Intermediate conclusions.—Considering primarily
the strength-weight ratio, it appears that the best
thickness of balsa core is about one-eighth inch in
full-web parallel-chord specimens, without stiffeners,
of the dimensions 3% by 44 inches.

ForEesT PropUCTS LABORATORY,
ForestT SeErvIcE, UNITED STATES
- DEPARTMENT OF AGRICULTURE,
Maprson, Wis., January &, 1930.
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